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In  this  study,  a  series  of  nanocomposite  polymer  electrolytes  (NCPEs)  with  high  conductivity  and  lithium 
ion  transference  number,  PEO/LiClCU/SAP,  were  prepared  from  high  molecular  weight  polyethylene  oxide 
(PEO),  LiC104  and  low  content  of  homemade  silica  aerogel  powder  (SAP),  which  had  higher  surface  area  and 
pore  volume  than  the  conventional  silica  particle.  From  the  SEM  images  it  was  found  that  the  SAP  nanopar¬ 
ticles  were  well  dispersed  in  the  PEO  polymer  electrolyte  matrix.  The  characterization  and  interactions 
in  the  CPEs  were  studied  by  DSC,  XRD,  FT-IR  and  7Li  NMR  analysis.  The  ac  impedance  results  showed  that 
the  ionic  conductivity  of  the  CPE  was  significantly  improved  by  the  addition  of  the  as-prepared  SAP.  The 
maximum  ambient  ionic  conductivity  obtained  from  the  CPE  with  EO/Li  =  6  and  2  wt.%  of  SAP  (06A2)  was 
about  threefold  higher  than  that  of  the  corresponding  polymer  electrolyte  without  SAP  (06).  In  addition, 
the  lithium  ion  transference  number  (t+)  of  06A2  at  70  °C  was  as  high  as  0.67,  which  was  also  three  times 
higher  than  that  of  06  and  has  not  been  previously  reported  for  the  PEO-LiX-based  polymer  electrolytes. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Since  Wright  et  al.  found  out  in  1973  that  the  complex  of 
poly( ethylene  oxide)  (PEO)  and  alkaline  salts  have  the  ability  of 
ionic  conductivity  [  1  ],  solid  polymer  electrolytes  (SPEs)  have  drawn 
significant  interest  for  the  possible  replacement  of  liquid  elec¬ 
trolytes  in  secondary  lithium  batteries  due  to  the  advantages  of 
SPE-based  lithium  batteries  considering  safety,  weight  and  size 
[2-7],  Especially,  PEO-based  polymer  electrolytes  are  the  most 
extensively  studied  SPEs.  The  main  reason  in  choosing  this  poly¬ 
mer  as  the  host  is  that  it  forms  more  stable  complexes  and  possesses 
higher  ionic  conductivities  than  any  other  group  of  solvating  poly¬ 
mers  without  the  addition  of  organic  solvents  [3,4],  It  is  also 
known  that  the  maximum  power  obtainable  in  a  lithium  cell  is 
related  to  the  ionic  conductivity  of  the  electrolyte,  and  the  max¬ 
imum  limiting  current  that  can  be  drawn  from  the  cell  and  the 
cycle-ability  of  the  cell  depends  on  the  cation  transference  number 
(t+)  [2,3].  Unfortunately,  the  PEO-based  SPEs  are  prone  to  crys¬ 
tallization,  resulting  in  low  ambient  temperature  conductivities 
(<10_7Scm_1)  and  t+  values  (~0.2)  [2],  Thus,  several  approaches 
have  been  applied  to  enhance  the  properties  of  PEO-based  polymer 
electrolytes  [4,8],  One  of  the  most  effective  approaches  has  been 
the  addition  of  inorganic  fillers,  such  as  ceramic  fillers  (Si02,  AI2O3, 
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and  Ti02)  [4-6],  layered  materials  (montmorillonite)  [9]  and  meso- 
porous  materials  (SBA-1 5,  MCM-41 )  [  10-14,],  as  well  as  syntheses  of 
organic/inorganic  hybrid  materials  [  15,16],  The  results  showed  that 
the  addition  of  the  inorganic  fillers  has  improved  many  properties 
of  the  polymer  electrolytes,  such  as  ionic  conductivity,  lithium  ion 
transference  number  (t+),  mechanical  properties,  and  the  stabil¬ 
ity  of  electrolyte-electrode  interface  [17-19].  These  improvements 
have  been  ascribed  to  fillers  that  (1)  acted  as  the  plasticizers  and 
lowered  the  crystallinity  of  the  polymer  matrix  [20],  (2)  increased 
ion  mobility  by  providing  additional  conductive  pathway  due  to  for¬ 
mation  of  the  Lewis  acid-base  interactions  [21],  and  (3)  increased 
the  number  of  charge  carriers  due  to  enhancement  of  the  salt  disso¬ 
ciation  [22],  Besides,  compared  to  the  non-porous  particle  fillers,  it 
was  found  out  that  the  corresponding  porous  fillers  usually  showed 
higher  efficiency  in  the  enhancement  of  the  conductive  properties 
in  the  CPEs  due  to  the  higher  surface  area  as  reported  for  PEO/SBA- 
15  [12]  and  the  larger  pores,  facilitating  the  intercalation  with  the 
PEO  chains,  as  studied  for  the  PEO/SBA-15  organic-inorganic  com¬ 
posite  [8],  However,  the  conductivities  and  the  t+  values  reported 
are  still  not  high  enough  for  practical  application;  therefore,  find¬ 
ing  a  new  filler  to  enhance  both  the  conductivity  and  t+  value  of  the 
PEO-based  SPE  is  still  an  attractive  topic. 

Silica  aerogel  is  a  tunable  and  designable  material,  which 
possesses  unique  properties,  and  features  [23],  such  as  low  den¬ 
sity  (0.003-0.5 gem-3),  high  porosity  (90-99%),  large  surface  area 
(>800m2g_1)  and  interconnected  pores  and  has  been  employed 
in  many  applications  [24],  Although  these  unique  properties  are 
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also  anticipated  to  better  benefit  to  the  ionic  conductivity,  cation 
transference  and  other  related  properties  of  the  polymer  composite 
electrolyte  for  lithium  battery  than  the  conventional  non-porous  or 
mesoporous  silica  particles,  the  application  of  silica  aerogel  on  the 
preparation  of  CPE  has  not  been  reported. 

In  this  study,  a  series  of  amorphous  PEO/UCIO4/SAP  CPEs  has 
been  prepared  from  PEO,  LiC104  and  the  homemade  silica  aero¬ 
gel  powder  (SAP)  nanoparticles.  The  characterization  and  the 
properties  of  the  CPEs  have  been  investigated  with  the  X-ray 
diffraction  (XRD)  patterns,  FT-IR  and  7Li  MAS  NMR  spectroscopies, 
SEM/EDS  images,  DSC/TGA  thermograms  and  ac  impedance  mea¬ 
surements.  Also  studied  were  the  temperature  dependence  of  the 
ionic  conductivities,  the  lithium  ion  transference  number  and  the 
electrochemical  properties  of  the  CPEs. 

2.  Experimental 

2.1.  Materials 

Polyethylene  oxide  (Mw  5,000,000)  (PEO)  and  lithium 
perchlorate  (UCIO4)  were  obtained  from  Aldrich  Company. 
1-Methylimidazol,  1-chlorobutane,  tetraethoxylsilane  (TEOS), 
sodium  tetrafluoroborate  (NaBF4)  and  acetonitrile  (ACN)  were 
obtained  from  ACROS  Company.  Formic  acid  was  acquired  from 
TEDIA  Company.  All  the  chemicals  were  used  as  received. 

2.2.  Preparation  of  ionic  liquid 

The  ionic  liquid  used  for  the  preparation  of  SAP  was  synthesized 
according  to  the  method  reported  [25],  Hence,  1-chlorobutane 
(370  g,  4  mol)  was  added  drop  wise  to  a  solution  of  1- 
methylimidazole(82.0g,  1  mol)  in  acetonitrile  (30.0  g)  at  room  tem¬ 
perature  and  the  solution  was  stirred  overnight.  After  the  removal 
of  acetonitrile,  the  remaining  salt,  l-butyl-3-methylimidazolium 
chloride  (BMIC)  was  dried  at  80  °C  under  reduced  pressure.  Then 
218  g  (1  mol)  of  BMIC  was  added  to  a  solution  of  sodium  tetrafluo¬ 
roborate  (132  g,  1.2  mol)  in  acetonitrile  (100  g).  The  solution  was 
stirred  for  2  days  at  room  temperature.  The  reaction  mixture 
was  filtered  and  the  volatile  substances  were  removed  under 
reduced  pressure.  The  resulting  ionic  liquid  product,  l-butyl-3- 
methylimidazolium  tetrafluoroborate  (BMIBF)  was  finally  obtained 
by  filtration  and  drying  at  120  °C  under  reduced  pressure. 

2.3.  Preparation  of  silica  aerogel  powder  ( SAP) 

The  silica  aerogel  monolith  was  prepared  according  to  the 
sol-gel  route  reported  [26,27],  but  using  BMIBF  as  the  template  and 
the  solvent.  In  a  typical  run,  5.8  g  (28  mmol)  of  TEOS,  1.9  g  (58  mmol) 
of  methanol,  3.0  g  (12  mmol)  of  BMIBF  and  3.4  g  (189  mmol)  of 
water  were  mixed  together  in  a  bottle.  A  monolithic  gel  was 
formed  by  gelation  at  room  temperature  within  3  h  after  mixing 
and  cured  at  ambient  temperature  for  5  days  in  an  open  air.  Then 
the  entrapped  ionic  liquid  was  Soxhlet  extracted  with  ethanol  for  1 
day.  Finally,  the  as-prepared  silica  aerogel  monolith  was  obtained 
by  drying  in  a  freeze  drier.  In  order  to  get  good  dispersion,  the  as- 
prepared  silica  aerogel  monolith  was  ground  by  a  hand  mill  into  a 
powder  form  and  further  mechanically  ground  in  water  with  the 
agitator  mill  into  a  nano-sized  particle  form,  named  silica  aerogel 
powder  (SAP). 

2.4.  Preparation  of  the  CPEs 

For  preparation  of  each  CPE,  0.2  g  of  PEO  was  dissolved  in  a 
small  amount  of  ACN.  The  required  quantity  of  LiC104  was  then 
added  and  stirred  well.  The  desired  amount  of  the  SAP  nanopar¬ 


ticles,  according  to  the  composition  designed,  was  added  and  the 
solution  was  further  stirred  continuously  for  24  h.  The  mixture 
was  cast  on  a  Teflon  dish  and  evaporated  under  vacuum  at  a  proper 
temperature  to  remove  the  solvent  for  at  least  24  h.  The  dried 
samples  were  stored  in  an  argon-filled  dry  box  to  prevent  from 
absorbing  moisture.  In  this  study,  the  samples  were  denoted  as 
OxAy,  where  x  represents  the  EO/Li  molar  ratio  and  y  represents 
the  wt.%  of  SAP  loaded. 

2.5.  Instruments 

The  BET  specific  surface  area  and  the  pore  volume  of  the 
as-prepared  aerogel  monolith  were  determined  from  the  nitrogen 
adsorption/desorption  isotherm  by  the  Barrett-Joyner-Halenda 
(BJH)  method  using  a  Micromeritics  ASAP  2020  analyzer.  The 
as-prepared  silica  aerogel  was  ground  into  nano-sized  particles 
with  an  agitator  mill  (NEZSCH  MiNI  Cell  agitator).  The  particle  size 
of  the  ground  silica  aerogel  powder  (SAP)  was  measured  with  BTC 
901  Plus.  The  surface  morphologies  of  the  CPEs  prepared  were 
studied  using  a  scanning  electron  microscopy-energy  dispersive 
spectroscopy  (SEM/EDS)  using  a  Hitachi  3500N-Noran  Vantage 
DI  instrument.  Differential  scanning  calorimetry  (DSC)  and  ther- 
mogravimetric  analysis  (TGA)  were  implemented  with  a  Seiko 
DSC  220C  and  a  Seiko  TG/DTA  220,  respectively.  The  samples  were 
heated  at  a  rate  of  10°C/min  under  a  nitrogen  flow  from  -80 
to  150  °C  for  DSC  measurement  and  from  30  to  200  °C  for  TGA 
measurement.  Fourier  transform  infrared  (FT-IR)  spectra  were 
recorded  on  a  Bio-Rad  FTS-7.  The  resolution  and  scan  numbers 
of  IR  measurement  were  2  cm-1  and  64  times,  respectively. 
The  spectra  were  collected  over  the  range  400-4000  cm-1.  The 
XRD  patterns  of  the  samples  were  recorded  using  a  PANalyti- 
cal  PW3040/60X’Pert  pro  at  45  kV  and  40  mA  with  a  step  size 
of  0.1°  and  128  ms  per  step.  7Li  MAS  NMR  measurement  was 
performed  on  a  Brucker  DSX-400  spectrometer,  operating  at  a 
frequency  of  116.6  MHz  and  a  spinning  speed  of  2  kHz.  The  ionic 
conductivities  of  the  polymer  electrolytes  were  measured  by  the 
complex  impedance  method  in  the  temperature  range  of  30-80  °C. 
The  samples  were  sandwiched  between  the  stainless  steel  blocking 
electrodes  and  placed  in  a  temperature-controlled  oven  at  vacuum 
for  2h  before  measurement.  The  ac  impedance  measurements 
were  carried  out  on  a  computer-interfaced  HP  41 92 A  impedance 
analyzer  over  the  frequency  range  of  5  Hz  to  13  MHz.  The  lithium 
ion  transference  number  (t+)  was  measured  using  the  technique 
reported  [28,29],  The  electrochemical  cell  comprised  a  rectangular 
piece  of  polymer  electrolyte  sandwiched  between  two  lithium  foils. 
The  electrolyte  was  sandwiched  between  two  lithium-unblocking 
electrodes  to  form  a  symmetrical  Li/electrolyte/Li  cell  used  for 
a  t+  test.  The  cell  was  assembled  and  sealed  in  an  argon-filled 
UNILAB  glove-box.  The  impedance  of  the  cell  was  measured  using 
an  Autolab  PGSTAT  30  potentiostat/galvanostat  analyzer  between 
the  frequencies  of  5  Hz  and  1  MHz.  The  method  consisted  of  the 
measurement  of  the  initial  lithium  interfacial  resistance  ( Rq  )  with 
impedance  spectroscopy  in  the  frequency  range  of  1  MHz  to  5  Hz, 
the  application  of  a  small  voltage  (0.1  V)  until  a  steady  current 
was  obtained  (Js),  and  the  measurement  of  the  final  interfacial 
resistance  (Rf)  in  the  same  frequency  range.  The  measurements 
were  performed  using  a  Solartron  1260  impedance/gain-phase 
analyzer  coupled  with  a  Solartron  1287  electrochemical  interface. 

3.  Results  and  discussion 

3.1.  Characterization  of  the  silica  aerogel 

In  order  to  obtain  a  high  surface  area  and  high  pore  volume 
silica,  a  silica  aerogel  was  synthesized  by  the  sol-gel  polymer- 
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ization.  Since  the  conventional  supercritical  drying  process,  used 
for  preparation  of  silica  aerogel,  usually  operates  under  a  harsh 
condition,  high  temperature  and  high  pressure,  the  sol-gel  poly¬ 
merization  with  BMIBF,  an  ionic  liquid,  as  the  solvent  and  the 
template  was  used  in  this  study  to  avoid  the  harsh  condition. 
This  is  because  the  unique  properties  of  ionic  liquid,  including  the 
negligible  vapor  pressure  and  ionicity,  allow  the  hydrolysis  and 
condensation  of  the  sol-gel  polymerization  to  produce  a  stable 
gel  network  without  largely  shrinking  and  can  keep  the  aero¬ 
gel  structure  after  the  solvent  extraction  and  the  drying  process 
[30,31], 

From  the  FT-IR  spectra  (not  shown)  of  the  as-prepared  silica 
aerogel  and  the  ionic  liquid,  the  characteristic  bands  of  silica  are 
observed  at  3700  cm-1  and  ~3200  cm-1  for  the  =Si-OH  vibration, 
1088  cm-1  for  the  Si-O-Si  asymmetric  stretching  vibration,  and 
1000-1200,  780-820  and  430-460  cm-1  for  the  =Si-0-Si=  strain 
vibration,  respectively.  Besides,  the  disappearance  of  the  charac¬ 
teristic  bands  of  the  ionic  liquid,  peaked  at  1467  and  1720  cm-1, 
confirmed  that  almost  all  of  the  ionic  liquid  was  removed  by  the 
extraction  process. 

Solid-state  29Si  MAS  NMR  spectroscopy  allows  an  investiga¬ 
tion  of  the  chemical  environment  of  the  29  Si  atom.  According  to 
the  literature  [32],  the  resonances  of  the  different  species  in  silica 
are  located  between  -90  and  -120  ppm.  Q"  terminology,  which 
denotes  the  silicon  with  n  Si-O-Si  linkages,  is  used  in  the  29Si 
solid-state  NMR  results.  The  chemical  shifts  (relative  to  tetram- 
ethylsilane)  of  Qn  are  about  -80,  -90,  -100,  and  -110  ppm  for 
Q1 ,  Q2,  Q3  and  Q4,  respectively.  The  relative  proportion  of  the  dif¬ 
ferent  species  can  be  calculated  by  the  corresponding  peak  area 
of  the  absorption.  As  can  be  seen  in  Fig.  1,  Q°  to  Q2  are  not 
found  in  the  as-prepared  silica  aerogel  sample,  and  higher  con¬ 
tent  of  Q4  species  (-111.5  ppm,  78.4%)  than  that  of  Q3  species 
(-101.9  ppm,  21.6%)  is  observed.  This  indicates  that  about  94.6% 
of  the  silanol  groups  were  condensed  during  the  sol-gel-ageing 
process. 

The  BET  surface  area  and  pore  volume  of  the  silica  aerogel  mono¬ 
lith  were  evaluated  from  their  nitrogen  adsorption/desorption 
isotherms  with  Barrett-Joyner-Halenda  (BJH)  method  (Fig.  2). 
As  can  be  seen,  the  isotherm  is  of  type  IV  based  on  the  Bur- 
nauer,  Deming,  Deming  and  Teller  (BDDT)  classification  [33],  The 
gas  adsorption  occurred  in  the  micropores  at  very  low  pres¬ 
sure,  followed  by  adsorption  in  the  mesopores,  with  capillary 
condensation  occurring  at  the  higher  pressures,  leading  to  the 


Fig.  1.  29 Si  solid-state  NMR  of  the  silica  aerogel. 


Isotherm  Linear  Plot 


hysteresis  loops  [34],  This  suggests  that  the  as-prepared  silica 
aerogel  was  a  typical  mesoporous  material.  The  specific  surface 
area  (Sfiet)  measured  from  the  isotherm  was  812  (±32.3)  m2  g-1, 
which  is  higher  than  the  value  of  the  non-porous  silica  particle 
(e.g.  about  380  m2g-1  for  the  silica  powder  product  of  Degussa, 
A3802).  Besides,  the  pore  volume  (Vp)  obtained  was  as  high  as 
1.97(±0.3)cm3  g-1,  which  is  much  higher  than  the  conventional 
mesoporous  silica  (<1.2  cm3  g-1 )  [35],  supporting  that  the  aerogel 
network  was  not  collapsed  by  the  drying  process.  The  high  values 
of  Sfiet  and  Vp  assured  the  as-prepared  silica  aerogel  good  filler  for 
CPE. 
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Fig.  3.  Wide-angle  X-ray  diffraction  patterns  of  Ox  electrolyte  series. 
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Fig.  4.  DSC  curves  of  (a)  Ox  and  (b)  06Ay. 

3.2.  The  crystallinity  and  morphology  of  the  as-prepared  polymer 
electrolytes 

As  is  known,  the  degree  of  crystallinity  of  PEO-based  SPE  varies 
with  concentration  of  the  lithium  salt  and  molecular  weight  of 
the  PEO  used.  In  order  to  find  the  best  composition  to  reduce  the 
crystallinity  and  compare  with  the  as-prepared  CPEs,  a  series  of 
PE0/LiC104  SPEs  with  various  EO/Li  values  (4-8)  were  prepared 
and  abbreviated  as  Ox  (x  =  EO/Li  molar  ratio).  It  was  found  out  that 
the  as-prepared  SPE  membranes,  Ox,  with  EO/Li  <  8  were  transpar¬ 
ent  or  opaque  and  mechanically  strong  enough.  But,  when  the  salt 
content  was  higher  (EO/Li  >  8)  the  membranes  became  transparent 
and  brittle.  As  shown  in  the  XRD  patterns  (Fig.  3),  the  characteris¬ 
tic  diffraction  peaks  of  PEO  crystalline  are  observed  at  20  =  19°  and 
23°.  However,  these  peaks  became  weaker  as  the  content  of  LiC104 
was  increased  and  no  peak  was  found  for  07  and  06.  This  reveals 
that  the  amorphous  structure  was  obtained  from  the  PEO-based 
polymer  electrolytes  with  EO/Li  =  6  and  7. 

The  DSC  curves  of  Ox  are  displayed  in  Fig.  4(a)  and  the  cor¬ 
responding  data  are  summarized  in  Table  1.  It  shows  that  the 
crystallinity  of  the  PEO  (Xc)  and  the  melting  temperature  (Tm) 


Table  1 

DSC  thermal  data  of  Ox  and  06Ay  electrolytes 


Sample 

Tg  fC) 

Tm(°C) 

ah  q  g_I ) 

XC% 

08 

-26.7 

43.4 

18 

12% 

07.5 

-24.8 

38.4 

5 

3% 

07 

-22.2 

- 

- 

- 

06 

-18.2 

- 

- 

- 

05 

-20.7 

83.4 

- 

- 

04 

-23.1 

84.7 

- 

- 

06A1 

-25.7 

- 

- 

- 

06A2 

-30.2 

- 

- 

- 

06A4 

-24.5 

- 

- 

- 

O6A6 

-23.0 

- 

- 

- 

O6A8 

-22.8 

- 

- 

- 

O6A10 

-22.5 

- 

- 

- 

decreased  as  the  LiC104  content  was  increased.  However,  no 
endothermic  peak  was  found  for  07  and  06,  indicating  that  the 
crystallization  was  completely  depressed  in  these  SPEs  as  indicated 
by  the  XRD  patterns.  Besides,  the  glass  transition  temperature  (Tg) 
increased  with  increasing  the  LiC104  content,  indicating  an  increase 
of  the  interaction  between  Li+  and  ether  oxygen  and  the  forma¬ 
tion  of  cross-linking  complex  as  found  in  the  other  reports  [18,36], 
The  highest  Tg  was  obtained  from  06  (EO/Li  =  6),  providing  the  best 
dimensional  stability.  The  result  implies  that  the  polymer  elec¬ 
trolyte  06  would  show  the  highest  conductivity  in  the  Ox  system. 
Besides,  in  order  to  obtain  the  one  with  the  highest  conductivity 
and  lithium  transference  number  in  the  PE0/LiC104/SAP  compos¬ 
ite  polymer  electrolytes,  a  series  of  the  CPEs  with  EO/Li  =  6  and 
0-10  wt.%  of  SAP  (abbreviated  as  06Ay)  were  prepared  and  studied 
in  the  rest  of  this  study. 

In  Fig.  4(b),  the  DSC  thermograms  of  the  06Ay  samples  show 
that  with  the  addition  of  SAP,  the  crystallization  of  PEO  remained 
suppressed.  As  the  SAP  loading  was  increased  the  Tg  decreased  first 
and  then  increased.  The  lowest  Tg  was  obtained  from  06A2.  It  is 
ascribed  to  the  Lewis  acid-base  interactions  of  SAP  with  the  lithium 
salt  and  PEO,  which  included  the  interactions  of  OH  groups  of  SAP 
with  the  C104-  ions  and  that  with  the  ether  oxygens  [5,19].  These 
interactions  reduced  the  interaction  between  the  ether  oxygens  and 
the  Li+  ions,  resulting  in  decrease  of  the  cross-linking  of  the  polymer 
chains  via  the  Li+  ions,  consequently,  decreased  Tg  of  the  polymer. 
The  decrease  of  Tg  reveals  the  increase  in  the  flexibility  of  the  PEO 
chains,  facilitating  the  transport  of  Li+  ions. 

Fig.  5  shows  the  representative  SEM/EDS  surface  images  and 
the  corresponding  mappings  of  Si  atoms  of  the  OxAy  CPEs.  It  is 
found  out  that  the  Si  atoms  were  homogeneously  distributed  in  the 
CPEs.  Besides,  no  serious  aggregation  of  SAP  particles  is  observed  in 
Fig.  5(a),  suggesting  that  at  lower  contents,  the  SAP  particles  were 
well  dispersed  in  the  PE0/LiC104  matrix.  However,  as  indicated  in 
the  circle,  the  granule  size  of  the  silica  particles  was  significantly 
increased  in  Fig.  5(b)  when  the  SAP  content  was  increased  to  8  wt.%, 
revealing  an  increase  of  aggregation  that  would  reduce  the  effect  of 
the  filler  on  the  property  of  the  electrolyte;  therefore,  the  CPE  with 
SAP  content  higher  than  8  wt.%  was  not  studied  in  the  rest  of  this 
study. 

The  TGA  in  Fig.  6  shows  the  weight  lost  of  the  polymer  elec¬ 
trolytes  below  200 °C.  The  small  weight  loss  around  100 °C  is 
ascribed  to  the  evaporation  of  the  water  absorbed.  Although  the 
losses  above  100  °C  may  be  attributed  to  the  solvent  remained,  they 
are  all  less  than  4%,  indicating  that  polymer  electrolytes  were  basi¬ 
cally  solvent-free  and  thermally  stable  up  to  200  °C.  The  enlarged 
plot  in  the  inlet  shows  that  the  weight  losses  of  06Ay  in  the  temper¬ 
ature  range  were  all  less  than  that  of  06  due  to  the  presence  of  SAP. 

3.3.  FT-IR  and  7 Li  MAS  NMR  spectroscopy 

Fig.  7  shows  the  FT-IR  spectra  of  the  Ox  and  06Ay  polymer 
electrolyte  systems.  The  characteristic  stretching  vibrations  of  the 
C-O-C  are  observed  as  a  triplet  peak  at  about  1150,  1120,  and 
1060  cm-1 .  The  triplet  absorption  was  broadened  when  LiC104  was 
added  into  the  PEO  matrix,  suggesting  the  formation  of  the  cross- 
linking  complex  through  the  interaction  of  the  lithium  ions  and  the 
ether  oxygen  [36].  However,  the  peak  became  sharper  when  SAP 
was  dispersed  in  the  electrolyte  as  found  in  Fig.  7(b)  for  06Ay.  The 
result  is  ascribed  to  the  existence  of  the  Lewis  acid-base  interac¬ 
tions  between  the  O  atoms  of  silica  and  the  Li+  ions,  resulting  in 
reduction  of  the  interactions  between  the  Li+  and  the  ether  oxygen. 
This  is  consistent  with  the  DSC  and  XRD  results  discussed  above. 

On  the  other  hand,  the  change  of  the  peak  of  CIO4-  stretch¬ 
ing  vibration  in  the  range  of  650-600  cm-1  has  been  used  to 
provide  the  information  of  the  degree  of  salt  dissociation  in  the 
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Fig.  5.  SEM  micrographs  and  Si  mapping  of  (a)  06A1  and  (b)  06A8. 


LiC104-based  electrolytes  [20],  Fig.  8  shows  the  typical  spectra  with 
deconvoluted  absorptions  of  the  CIO4-  stretching  vibrations  for  Ox 
and  06Ay  and  the  corresponding  peak  area  ratios  of  the  vibration 
peaks  are  summarized  in  Table  2.  As  reported  previously  [37],  the 


Fig.  6.  TGA  thermograms  of  06 Ay. 


peaks  at  ~635  and  ~623cm-1  are  attributed  to  the  ion-pair  and 
the  free  C104_,  respectively.  It  is  noticed  that  for  Ox  system  the  area 
ratio  of  the  free  C1C>4_  peak  was  higher  than  80%  when  the  EO/Li 
ratio  was  higher  than  6,  but  significantly  decreased  when  the  EO/Li 
ratio  was  lower  than  6,  indicating  that  the  percentage  of  salt  disso¬ 
ciation  was  decreased  as  the  salt  concentration  was  too  high  due 


Table  2 

FT-IR  peak  positions  and  percentage  of  free  CIO4-  for  Ox  and  06Ay  electrolytes 


Sample  Free  CIO4- 


Bonded  CIO4- 


Wavenumber  (cm-1 )  (%)a  Wavenumber  (cm-1)  (%) 


04  625 
05  623 
06  624 
07  623 
07.5  623 
08  624 
06A1  625 
06A2  624 
06A4  625 
O6A6  625 
O6A8  625 
O6A10  625 


53  635 

70  633 

80  634 

81  633 

82  633 

84  636 

85  636 

96  637 

88  636 

88  636 

84  637 

81  636 


47 

30 

20 

19 

18 

16 

15 
4 

12 

12 

16 
19 


a  The  percentage  of  the  free  C104-  measured  from  the  area  ratio  of  the  deconvo¬ 
luted  C104-  peaks. 
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Fig.  7.  FT-IR  spectra  of  (a)  Ox  and  (b)  06Ay  electrolyte. 


to  lack  of  enough  PEO  chains  for  solvation  with  the  Li+  ions.  How¬ 
ever,  the  ratio  of  the  free  CIO4-  was  further  increased  with  addition 
of  SAP,  implying  an  increase  of  the  overall  charge  carriers.  This  is 
because  of  the  formation  of  the  extra  interactions  between  the  O 
atoms  of  SAP  and  Li+  ions  and  between  the  surface  OH  groups  of  SAP 
and  the  CIO4-  ions,  enhancing  the  dissociation  of  the  Li-C104  ion- 
pairs.  As  high  as  96%  of  free  C1C>4_  was  obtained  from  06A2.  This 
is  attributed  to  the  well  distribution  of  the  SAP  particles  with  high 
surface  area  and  porosity  in  the  polymer  electrolyte.  Nevertheless, 
it  decreased  as  the  SAP  content  was  exceeded  2  wt.%  due  to  reduc¬ 
tion  of  the  interactions  between  SAP  and  the  salt  caused  by  the 
higher  aggregation  of  the  SAP  nanoparticles,  resulting  in  reduction 
of  the  surface  area.  The  result  also  implies  that  06A2  provided  the 
most  charge  carriers  among  the  as-prepared  polymer  electrolytes, 
which  could  facilitate  the  ionic  conductivity. 

7  Li  MAS  NMR  with  high  power  proton  decoupling  was  used 
to  investigate  the  coordination  around  the  lithium  ions  of  the 
as-prepared  PEO-based  polymer  electrolytes.  Fig.  9  presents  the 


typical  peak  fitting  spectra  of  Ox  and  06Ay  samples  and  the  cor¬ 
responding  data  are  summarized  in  Table  3.  As  shown  in  Fig.  9(a), 
for  Ox  samples,  the  down-field  peak  observed  is  assigned  to  the  Li+ 
bonded  with  CKTt- ,  i.e.  ion-pair,  and  the  up-field  peak  is  assigned  to 
the  Li+  coordinated  with  PEO  [12].  It  is  noticed  that  the  ion-pair  con¬ 
tent  increased  with  the  increase  of  the  LiC104  concentration.  This 
agrees  with  the  FT-IR  results  discussed  above.  Moreover,  the  small¬ 
est  half-width  found  for  06  indicates  that  the  Li+  in  06  has  highest 
Li+  mobility  among  the  Ox  samples.  With  the  addition  of  SAP,  two 
more  resonances  were  observed  in  the  deconvoluted  peak  fitting 
spectra,  revealing  that  two  more  Li+  environments  were  formed  due 
to  coordination  with  SAP.  However,  when  the  SAP  content  reached 
8  wt.%  these  resonances  disappeared  as  indicated  in  Table  3  for 
O6A8.  This  is  ascribed  to  the  severe  aggregations  occurred.  Besides, 
the  decrease  of  ion-pairs  with  increase  of  SAP  agrees  with  the 
results  found  from  the  FT-IR  spectra,  and  the  smallest  half-width 
was  obtained  from  06A2,  revealing  that  the  Li+  ions  in  06A2  had 
the  highest  mobility.  The  result  suggests  that  compared  to  that  in 


(a)  06]  Q6A2 


Wave  Number(cm_1)  Wave  Numbe^cm'1) 


Fig.  8.  FT-IR  peak  fitting  of  C104_  absorbance  for  (a)  Ox  and  (b)  06Ay  electrolytes. 
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Table  3 

7  Li  NMR  data  of  Ox  and  06Ay 


06,  the  Li+  ions  should  have  extra  conductive  pathways  in  the  CPE 
and  06A2  should  have  the  highest  ionic  conductivity  in  the  CPE 
system. 

3.4.  Ionic  conductivity  and  Li+  transference  number 

The  bulk  resistances,  i?b,  of  the  as-prepared  polymer  electrolytes 
were  obtained  from  the  ac  impedance  measurements  as  described 
in  the  previous  work  [38]  and  listed  in  Table  4.  The  ionic  conduc¬ 
tivities  were  then  calculated  with  the  thickness  (L)  and  the  surface 
area  (A*)  of  the  specimen  according  to  the  following  formula: 

L 

°  ~ 

As  can  be  seen  in  Table  4,  the  room  temperature  ionic  conduc¬ 
tivity  of  Ox  increased  with  increasing  the  lithium  salt  loading  up 
to  OE/Li  =  6  then  decreased.  This  is  similar  to  the  results  reported 
and  is  ascribed  to  the  combination  effect  of  the  degree  of  crys¬ 
tallinity  and  the  ratio  of  the  salt  dissociation  [39  ].  On  the  other  hand, 
for  06Ay  system,  the  ionic  conductivity  increased  with  increas¬ 
ing  SAP  loading  up  to  06A2  then  decreased  as  the  SAP  loading 
was  further  increased.  The  highest  enhancement  obtained  from 
06A2  is  ascribed  to  the  combination  of  the  well  dispersion  of  SAP 
with  large  surface  area  and  porosity,  amorphous  structure  of  PEO, 
decrease  of  Tg  and  increase  of  charge  carriers.  The  best  conduc¬ 
tivities  at  30  °C  for  Ox  and  06Ay  systems  were  obtained  from  06 
(2.37  xlO-5  Scm-1)  and  06A2  (7.09  x  lO^Scm-1),  respectively, 


indicating  that  with  addition  of  2  wt.%  of  SAP  the  conductivity  of 
06  was  enhanced  about  threefold. 

Fig.  10  shows  the  temperature  dependence  of  the  ionic  conduc¬ 
tivity  for  Ox  and  06Ay  systems.  It  is  observed  that  the  conductivities 
of  all  the  samples  increased  steadily  with  increasing  temperature 
in  the  range  of  30-80 °C.  Above  60  °C,  the  conductivity  of  06A2 
reached  10_4Scm_1,  which  is  in  the  range  for  commercial  appli¬ 
cations.  The  linear  plots  reveal  that  the  ionic  conductivities  of  the 
samples  are  approximated  to  the  Arrhenius  equation  in  the  temper¬ 
ature  range  [39],  This  is  unlike  what  is  usually  observed  for  most 
of  the  traditional  amorphous  solid  polymer  electrolytes,  in  which 
the  ion  conduction  follows  the  VTF  equation  and  the  conduction 


Table  4 

Ionic  conductivities  and  activation  energies  of  Ox  and  06Ay  electrolytes'1 


d  Surface  area  of  the  specimen  =  1.76  cm2. 
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mechanism  is  believed  to  involve  the  segmental  motion  of  the  poly¬ 
mer.  In  addition,  as  listed  in  Table  4,  the  £a  values  obtained  from 
these  linear  plots  indicate  that  the  ions  can  be  activated  more  eas¬ 
ily  and  transport  faster  in  the  as-prepared  CPEs,  06Ax,  between  30 
and  80  °C  than  in  the  corresponding  SPE,  06,  due  to  the  presence  of 
SAP.  This  reveals  that  the  mobile  charge  carriers  moved  more  freely 
in  the  polymer  electrolyte  with  SAP  than  that  without  SAP.  This  is 
attributed  not  only  to  the  amorphous  structure  of  the  CPE  but  also 
to  the  high  surface  area,  interconnected  pores  and  high  porosity  of 
SAP,  which  provided  more  Lewis  active  sites,  shorter  path  and  free 
volume  for  transporting  the  charge  carriers. 

As  is  known,  a  higher  t+  is  anticipated  to  ensure  the  battery 
working  at  higher  current  density  and  better  working  efficiency. 
Therefore,  the  lithium  ion  transference  numbers  ( t+ )  of  06  and  06Ay 
samples  were  measured  as  described  in  Section  2  to  evaluate  the 
contribution  of  the  Li+  species  to  the  overall  conductivity  of  the 
electrolyte.  The  original  data  of  the  electrochemical  measurements 
of  the  Li/CPE/Li  cells  are  summarized  in  Table  5.  The  corresponding 
t+  was  then  calculated  using  the  following  equation  [28,29]: 

IS(AV-I0R0) 

I0(AV-ISRS) 

Iq  is  the  initial  current,  /s  the  steady-state  current,  Rq  the  initial 
interfacial  resistance,  Rs  the  steady-state  interfacial  resistance,  and 
AV  is  the  dc  voltage  applied. 

As  listed  in  Table  5,  a  low  t+  value  (0.22)  was  obtained  for  the 
polymer  solid  electrolyte,  06,  which  is  similar  to  the  values  (~0.2) 
reported  [2],  However,  the  t+  value  was  enhanced  profoundly  after 
addition  of  SAP,  and  as  high  as  0.69  was  obtained  for  06A2.  This  is 

Table  5 

The  electrochemical  data  and  transference  numbers  of  Ox  and  06Ay  electrolytes 


attributed  to  the  increase  of  fraction  of  the  free  Li+  ions  as  well  as 
the  increase  of  transporting  sites  caused  by  the  high  surface  area, 
shortening  of  the  Li+  ion  transport  path  induced  by  the  intercon¬ 
nected  pores  and  increase  of  the  free  volume  provided  by  the  high 
porosity  of  SAP. 

4.  Conclusions 

A  series  of  CPE  composed  of  PEO,  LiC104,  with/without  the 
as-prepared  silica  aerogel  powder  (SAP),  have  been  studied  as  a 
function  of  both  salt  and  SAP  contents.  The  DSC  investigations 
revealed  that  the  polymer  electrolytes  without  SAP  (Ox)  with 
EO/Li  =  6  and  7,  06  and  07,  and  the  corresponding  composite  poly¬ 
mer  electrolytes  of  06  with  l-8wt.%  of  SAP  filler,  06Ay,  were  all 
amorphous.  The  ionic  conductivities  of  the  polymer  electrolytes 
varied  with  the  change  of  the  EO/Li  ratio  and  the  SAP  content.  The 
highest  conductivity  of  the  PE0/LiC104  solid  polymer  electrolyte 
was  obtained  from  06.  Addition  of  the  interconnected  mesoporous 
SAP  with  high  surface  area  and  high  porosity  significantly  increased 
the  polymer  segmental  motion,  fraction  of  free  lithium  ions,  extra 
conductive  pathway,  transporting  sites  and  free  volume  as  well. 
Consequently,  the  mobility  of  the  lithium  ions  was  increased  and 
the  ionic  conductivity  and  lithium  ion  transference  number  (t+) 
of  the  CPE  were  significantly  enhanced.  The  room  temperature 
ionic  conductivity  and  t+  at  70  °C  of  06A2  CPE  were  found  to  be 
7.09  x  10-5  Scm-1  and  0.67,  respectively.  The  values  were  both 
three  times  higher  than  that  of  the  corresponding  SPE,  06.  These 
excellent  properties  made  the  as-prepared  CPE  a  potential  candi¬ 
date  to  use  in  batteries. 
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